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The queen conch, Strombus gigas (Linnaeus, 1758) , is a valuable marine benthic invertebrate of significant commercial importance in the Caribbean Sea, second only to the spiny lobster, with a lucrative export trade worth millions of US dollars (Theile 2001 , Aiken et al. 2006 . The main international markets for conch meat are the USA (currently accounting for around 60% of the trade) and the French West Indies (29%) (UNEP-WCMC CITES Trade database [2010] [2011] . Queen conch is also a species with traditional cultural value dating back to pre-Columbian times.
Not surprisingly, sustained high market demand and a lucrative export trade over the last few decades have resulted in heavy fishing pressure which, coupled with the vulnerable life history of queen conch, has led to substantial reductions in conch population and fishery across most of the region (de Jesús Navarrete 2001 , Theile 2001 , Pérez Pérez and Aldana Aranda 2002 , Oxenford et al. 2008 , Balan-Dzul and de Jesús Navarrete 2011 , Stoner et al. 2012b , Cala et al. 2013 ). This has prompted substantial international conservation and management attention since the 1990s, including its listing on: Appendix II of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) in 1992; the International Union for the Conservation of the Nature (IUCN) Red List (IUCN) from 1994 to 2000 as "Commercially Threatened"; and Annex III of the Specially Protected Areas and Wildlife (SPAW) protocol (2000) of the Cartagena Convention. Additionally, queen conch presently is being evaluated for Endangered Species Status in the United States (Townsend 2012) , which, if successful, would have significant implications for the Caribbean conch export trade. Various conch-specific national and sub-regional regulatory measures have also been established across much of the region and include: restrictions in the use of scuba gear, minimum legal sizes, fishing prohibition during the reproductive season, restricted licensing, landing quotas, spatial and temporal fishing bans, and total fishery closures (Theile 2001 , FAO-WECAFC 2013 . However, these regulations often are not enforced, and conch populations continue to decline. Another constraint is limited knowledge of the reproductive characteristics of queen conch resulting in legal minimum sizes that do not protect sub-adults, or closed seasons that do not correspond well with the reproductive season (McCarthy et al. 2002 , Aldana Aranda et al. 2003a ,b,c, Delgado et al. 2004 , Castro et al. 2007 , Frenkiel et al. 2009 , Stoner et al. 2012a . Accurate information on the reproductive characteristics of conch populations across the Caribbean Sea has become even more important with current efforts underway to establish a regional management plan and harmonized regulations (Panama Declaration 2012 , CITES 2013 . Baqueiro-Cárdenas and Aldana-Aranda (2000) indicated that molluscs with a broad geographic distribution exhibit a variety of reproductive patterns including differences in frequency and duration. This likely is the case with queen conch across the wider Caribbean region. For example, Egan (1985) observed reproductively active S. gigas year round from Boca Chica, Belize, while Stoner et al. (1992) reported a spawning period from April to October in The Bahamas and Baqueiro et al. (2012) reported an attenuated reproductive period in San Andrés Archipelago, Colombia. However, these previous findings of reproductive seasonality in S. gigas must be interpreted cautiously due to differences in methods and classification of reproductive stages, and the frequency and number of observations made. The present study examines the reproductive cycles of S. gigas from widely separated sites across the Caribbean Sea, using the same methods and classification scheme, to determine the geographic variability and propose a biologically sensible period for a regionwide closed season for queen conch.
Galley Proof

Methods
Sampling Sites
Queen conch from eight localities across the wider Caribbean Sea (Table 1) were studied including Aligator Reef and Pelican Shoal in the Florida Keys (USA), Alacranes Reef on Campeche Bank in the Gulf of Mexico (Mexico), and six sites in the Caribbean region: Chinchorro Bank (Mexico), San Pedro (Belize), Cayo Bolivar in the San Andrés Archipelago (Colombia), Guadeloupe and Martinique (French West Indies), and Barbados (Fig. 1 ).
Sample and Environmental Data Collection
A sample of queen conch adults (shell lip thickness ≥6 mm) was collected each month for a full year at all sites except the Florida Keys, where only 4 mo (March, April, July, and October) were sampled, and Chinchorro Bank, where only the six summer months (May-October) were sampled. Thirty individuals were collected within months at all locations except Barbados and Florida Keys, where 15 and 20 adult conch, respectively, were sampled. In total, the number of gonad tissues samples was n = 2240, the sex ratio was 1.26 female:1 male. Bottom temperatures were recorded continuously with fixed data loggers throughout the year in six sites to the nearest 0.1 °C and monthly mean temperatures were calculated. The depths at sampling sites were approximated by divers.
Histological Preparation
For each individual, the soft body including the visceral mass was removed from the shell and a 1 cm 3 cross-section of tissue was cut from the mid-length of the gonad and digestive gland. This was placed in 10% buffered formalin and seawater for a minimum of 1 wk, or in Bouin's fluid for at least 72 hrs, after which the tissue samples were rinsed with running tap water and then preserved in 70% ethanol. The tissue samples were subsequently dehydrated in an ethanol series, clarified in Safeclear® or Clearence® and embedded in 53-56 °C melting point paraffin. Thin sections (6 µm) were cut with a MICROM HM340E rotary microtome, mounted on slides, and oven dried. All thin sections were then stained with PAS-Hematoxiline, hematoxiline-eosine, and Masson tri-chromic, following Gabe (1968) . To determine the reproductive stage, three thin sections from each individual were examined, giving a total of 6720 microscopic observations. All gonad samples, except those from Florida Keys, underwent final processing (sectioning and staining) in the same laboratory (Laboratorio de Biología, Conservación y cultivo de moluscos, CINVESTAV IPN Unidad Mérida, Mexico). Final processing of the Florida Keys samples was performed at the Gulf Coast Research Laboratory, University of Southern Mississippi, USA. Final processing involved sectioning at 4 µm and staining with hema toxylin 1 and eosin Y (Richard Allen Inc., Richland, MI).
Classification of Gonad Maturity Stages
After review of the microscopic descriptions of gonads used in previous studies, we followed the maturity stage classification of Lucas (1965) (Table 2) : (1) resting-no gametes present, gender not apparent; (2) gametogenesis-active cell division, mature gametes may or may not be present; (3) ripe-dominance of mature gametes; and (4) spawning/spent-follicles are partially or totally emptied, damaged oocytes 
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or spermatozoa are being reabsorbed, and phagocytes present. To reduce variation among researchers in microscopic interpretation, all histological slides were analyzed under the guidance of, or checked by, D Aldana Aranda and most were also examined by L Frenkiel.
Statistical Analysis Univariate ANOVA and post hoc Tukey tests (Sokal and Rohlf 1995) were used to establish the significance of observed differences in the mean percentage of each reproductive stage of conch across the different localities. To assess variation in temperature and proportion of reproductive stages across sampling sites, we used a canonical-correspondence analysis (CCA) (Ter Braak 1986) 
Results
Reproductive Cycle by Locality
Florida Keys.-Conch were reproductively active across all 4 mo sampled ( Fig. 2A ). Ripe conch were present in March, April, and July, and were absent in the October sample. Spawning/spent individuals were found across all sampled months, although more dominant from March to July. From the relatively high proportion of ripe conch in March, it can be assumed that spawning begins in the Florida Keys in February or perhaps earlier, and the rapid increase in resting stage conch between July and October suggests that the spawning season ends in October. Interestingly, 100% of the sampled adults were reproductively active (in gametogenesis, ripe, or spawning/ spent) in March and April and 90% were still active in July.
Alacranes Reef.-Unlike the Florida Keys, the conch population from Alacranes Reef in the Gulf of Mexico appeared to be reproductively active all year, but involving a much smaller percentage of the population at any one time, with 30%-50% of adults in the resting stage all year round. However, peak reproductive activity occurred from August through November (Fig. 2B) .
Chichorro Bank.-Data were available only from May to October at this site, and indicated that a high proportion (≥75%) of the conch population was reproductively active over the 6-mo period, with 100% of individuals active in July and August (Fig.  2C) .
San Pedro.-Similar to Alacranes Reef, reproductive activity was observed in the conch population at this site throughout year, except December, but involving a relatively small proportion of the population (Fig. 2D ). June and July represented the months of peak reproductive activity at this site, involving just over half (50%-65%) of the adult population.
San Andrés.-Conch at this site had a reproductive cycle very similar to that at Alacranes Reef with a relatively low level of reproductive activity occurring yearround, and peaking from August through November (Fig. 2E) . Between 30% and 80% of the population were in the resting stage in all months.
Guadeloupe.-There was a distinct reproductive season for conch at this site with reproductively active conch being present from March to September, and a very high proportion of the adult population (90%-100% of individuals) active from May to September (Fig. 2F) . Almost the entire adult population was in the resting stage from October to February (with the exception of one spawning/spent stage conch appearing in November).
Martinique.-At this site, conch appeared to have a distinct reproductive cycle very similar to that observed in Guadeloupe, with a substantial increase in reproductively active conch present from March to September and peak activity, involving 83%-100% of the population from May to September (Fig. 2G) . Again, the main resting period was October-February, with 100% of conch in the resting stage in December and January.
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Barbados.-Similar to the French West Indies islands, conch at this site had a distinct reproductive season, starting abruptly in April and extending through December (Fig. 2H) . Peak reproductive activity, involving 66%-92% of individuals, was also similar to the French West Indies islands spanning from April to September with 100% of the adult population in the resting stage from January to March.
Environmental Observations
Monthly and annual average water temperatures recorded at each sampling location are shown in Table 3 . Barbados, Martinique, and Guadeloupe had the highest annual mean temperatures at ≥28.0 °C and among the lowest annual temperature ranges (<3.5 °C). Approximate sampling depths ranged from 2 to 40 m across locations (Table 1) .
Comparison Across Localities
The plasticity of the annual reproductive cycle of S. gigas across the wider Caribbean region is depicted in Figure 3 , where the proportions of different gonad maturity stages were compared independently and found to differ significantly across sites for gametogenesis, ripe, and spawning/spent stages (ANOVA: P = 0.0402, 0.036, and 0.0011, respectively). There appears to be some distinction between conch from the western sites in the wider Caribbean region and those from the eastern sites, although they did not fall cleanly into the two separate homogenous groups indicated by Tukey's post hoc tests (Fig. 3) . Nevertheless, two fairly distinct reproductive patterns (strategies) emerge; one where conch remain reproductively active year-round, but involving a relatively small proportion of the adult population in most months (seen in the western sites at Alacranes Reef, San Pedro and San Andrés Archipelago); and another where there is a discrete reproductive season involving 75%-100% of adult individuals over several months and a rest period when most or all individuals are reproductively inactive (per the eastern sites at Guadeloupe, Martinique, and Barbados; Fig. 2 ). The latter pattern results in higher overall proportions of ripe and spawning/spent stage conch in the populations over the course of a year (Table  3) . Florida Keys and Chinchorro Bank were not considered in the analyses because conch were not sampled across all months at these sites.
A canonical-correspondence analysis (CCA) examining annual mean temperature and proportion of each reproductive stage across localities studied is shown in Figure 4 and illustrates that ripe and spawning/spent stages were associated with water temperatures of 28-29 °C resulting in higher proportions of these stage conch in Guadeloupe, Martinique, and Barbados. The coldest mean annual temperatures were observed in Alacranes Reef, San Pedro, and San Andrés Archipelago. These results suggest that conch require a minimum temperature of 27.7 °C to initiate gametogenesis; and that below 27.5 °C organisms are in resting stage.
Despite the differences in reproductive strategies among localities, an examination of which months represented the maximum spawning period indicated a common pattern, with the months of June-September representing the top four ranking months when monthly ranks were summed over all sites, and were also the months of greatest overall percent abundance of ripe and spawning/spent individuals sampled across the six widely dispersed sites in the region (Table 4) . 
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Discussion A harmonized temporal harvesting ban to protect spawning individuals across the queen conch range is highly desirable to simplify monitoring and reduce the illegal catch and trafficking of conch and conch products among countries (FAO-WECAFC 2013) . At present, conch fisheries across the region have a somewhat ad hoc and uncoordinated system of closed seasons, which vary in length and timing (Table 5 ) and may not reflect the peak spawning periods of the local conch populations. A standardized system would also support ongoing efforts to harmonize the management of this valuable species across the region (CITES 2013) and promote more sustainable fisheries for queen conch. Although the present study indicates that conch across the region have different reproductive strategies, implying that a common seasonal harvest ban will confer different levels of protection for local spawning populations, we concur with the need to coordinate the management measures for the queen conch throughout the Caribbean region and suggest that the period from 1 June to 30 September represents the most "biologically sensible" window (i.e., months of maximum abundance of ripe and spawning/spent individuals, and top ranking months for reproduction across all sites; Table 4) for protecting ripe and spawning/spent stage conch across all populations. Note that this should not Figure 4 . A canonical-correlation analysis (CCA) for proportion of reproductive stages of queen conch and average annual water temperatures at six localities examined in this study. Curved lines represent prediction of temperature values. Reproductive stages are shown as black triangles and localities as grey triangles. Table 4 . Summary of data for ripe and spawning/spent stage queen conch across six localities (Alacranes Reef, San Pedro, San Andrés, Guadeloupe, Martinique, and Barbados) in the wider Caribbean region. The relative abundance of ripe and spawning/spent stages each month is shown as a percent of the total sample (all localities combined). At each location, the months were ranked according to the abundance of ripe and spawning spent stage conch (where month with greatest abundance at that location received a rank of one). The ranks assigned to each month were then summed across all locations to give the monthly sum of ranks. The overall rank was then based on these summed values. 
preclude national-level bans extending beyond this window where local managers see a need to do so to adequately protect local stocks.
Most of the studies of reproductive season of S. gigas in the Caribbean Sea have been based on visual observations of reproductive behavior (pairing, copulating, and egg-laying) and have not included histological analysis of the gonads (see summary in Table 6 ). In The Bahamas, Wicklund et al. (1991) observed a spawning season from April to September and Stoner et al. (1992) , for the same locality, reported a spawning season extending one more month, from April to October. In San Andrés Archipelago, García-Escobar et al. (1992) observed conch reproductive activity from mid-June to October, while Márquez-Pretel et al. (1994) reported conch spawning 2 mo earlier from April to September. Stoner et al. (1992) summarized queen conch reproductive seasons from the literature based on reproductive behavior and reported that for Bermuda (the most northern locality) the reproductive season for S. gigas began in May and ended in September, for the Florida Keys it was from mid-January to mid-September, and in Venezuela (the most southern locality) it was from midMarch to mid-November. For Mexico, Pérez Pérez and Aldana Aranda (2002) reported a reproductive period from February to October at Alacranes Reef; however, these authors established the reproductive period only by presence of egg masses. Despite the variation in reproductive seasons reported across localities and studies, the period June-September represents the only 4 mo common to all studies, and therefore further supports our own suggested regional closed season.
Previous studies that have examined the reproductive cycle of S. gigas using histological methods include Egan (1985) , Gordillo Morales (1996) , Delgado et al. (2004 ), Aldana Aranda (2003a , and Frenkiel et al. (2009) , but together they have used various histological methods and numerous different terms for the various gonad 
Months of fishing closed season Country
J F M A M J J A S O N D Antigua × × Belize × × × Cayman Islands × × × × × × Colombia × × × × × Cuba × × × × × Dominican Republic × × × × Guadeloupe × × × × × × × × × St. Barts/St. Martin × × × × × × × × Jamaica × × × × × × Martinique × × × × × Nicaragua × × × × Dominican Republic × × × Turks and Caicos × × × × US Virgin Islands × × × US Puerto Rico × × ×
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maturity stages, highlighting the need for a standard scheme for easy comparison among studies and geographical locations. Here, we have reviewed the microscopic descriptions of gonads used in previous studies and proposed a simple scheme using just four gonad maturity stages, following the classification of Lucas (1965) . We summarized this in Table 2 , showing the equivalent terms used by various authors and propose that this scheme be adopted for future studies of conch reproduction to improve spatial and temporal comparisons. The findings of our study are consistent with those of Baqueiro-Cárdenas and Aldana-Aranda (2000) and Aldana-Aranda et al. (2003b) , who indicated that molluscs with a broad geographic distribution exhibit a variety of reproductive patterns. Our findings are also in line with previous histological studies. For example, Egan (1985) observed reproductively active conch from Belize (Boca Chica) all year, although he reported a relatively low percentage in the resting (undifferentiated) stage compared with our own findings for San Pedro, Belize. Beginning and developing (gametogenesis) stages were observed by Egan (1985) all year with values of 20%-70%; ripe-stage conch were observed all year with a peak in June-July of 50% and 40% in October, and a low percentage of spent conch was reported year-round. Avila (2004) , in a preliminary histological study of conch from San Andrés Archipelago, reported two peaks of maturity in March and June. In contrast, Baqueiro Cárdenas et al. (2012) reported that the attenuated reproduction of S. gigas in San Andrés Island was related to the occurrence of Apicomplexa sp. in the digestive gland. For the eight queen conch populations analyzed in the present study, there was considerable variation in reproductive behavior. However, two broadly different reproductive strategies are apparent: (1) populations with continuous gametogenesis in a small number of individuals and an extended spawning season without a dominant peak; and (2) populations with a short duration gametogenic stage or a small percentage of gametogenic individuals (representing rapid gametogenesis) and a discrete spawning season with one or more clear peaks. Comparing the populations for which we have a full year of data (six populations), it is apparent that populations from western sites in the wider Caribbean region (Alacranes Reef, San Pedro, and San Andrés Archipelago) showed the first strategy with a constant, but low level, presence of individuals with mature gametes all year. In contrast, populations from the eastern sites (Guadeloupe, Martinique, and Barbados) showed a much more discrete period of reproductive activity, with peak spawning from early summer through autumn involving more than two-thirds of the adult population, and a winter resting period involving 90%-100% of individuals during January-February for the eastern sites (Guadeloupe, Martinique, and Barbados).
Reproductive strategy may have a genetic component. However, to date there is mixed evidence for genetically distinct conch populations. Mitton et al. (1989) and Campton et al. (1992) concluded that there was high gene flow among conch populations across the wider Caribbean Sea (Bermuda, Turks and Caicos, St. Kitts and Nevis, St. Lucia, St. Vincent and The Grenadines, Barbados, Belize, Florida, The Bahamas) although spatial and temporal patchiness in genetic diversity was apparent. Subsequent studies using more advanced technology and less conserved areas of the genome (e.g., microsatellites, 16S rRNA gene) have confirmed homogeneity of conch populations at least across some widely separated conch populations from the Yucatan Peninsula (Alcranes Reef, Gulf of Mexico, Chinchorro Bank and Cozumel, Caribbean Sea) (Perez-Enriquez et al. 2011 , Zamora et al. 2011 , although some restriction in gene flow was reported, and from populations across the northern part of the region (Morales 2008) . The most recent studies favor some level of genetic population structuring in conch from the southwest (Colombian) Caribbean (Marquez et al. 2013 ) and from two widely dispersed sites in The Bahamas (Banks et al. 2014) .
There is some evidence from our study that the differences in reproductive strategy seen between western and eastern sites in the wider Caribbean region may be influenced, in part, by differences in ambient water temperature, with greater spawning activity (ripe and spawning/spent stages) and a more discrete spawning season in sites with higher mean annual water temperature and small annual temperature range (Table 3 , Fig. 4 ). In contrast, this was not clear from comparisons by Stoner et al. (1992) of conch populations across 20° of latitude (Bermuda to Venezuela). Furthermore, Stoner et al. (1992) affirmed that the reproductive season is less evident in regions with reduced seasonal fluctuation in water temperature (low latitudes), thereby increasing the likelihood of reproductive activity throughout the year, compared with regions of higher latitude where the seasonal variations in water temperatures are much greater and the reproductive season more evident. In our study, the reproductive cycle for S. gigas showed longitudinal differences, even though gonad samples were taken during the same period (2008) (2009) (2010) and were analyzed with a common methodology, suggesting that the differences were real and likely influenced
by environmental conditions. These conditions could include water temperature, salinity, general productivity, and/or different habitat quality, food availability, and conspecific densities.
Baqueiro Cárdenas and Aldana Aranda (2000) reported reproductive behavior for various species of bivalves along the Mexican Pacific Ocean and Gulf of Mexico coasts, showing that environmental conditions determine the duration and intensity of each reproductive stage. Food availability in particular is a major determining factor for gonad recovery and maturation (e.g., Soniat and Ray 1985, Contreras Espinosa et al. 1994) . Several other researchers have shown in bivalves that duration and intensity of the gonad stages are a function of temperature and food availability (Bayne et al. 1976 , Webber 1977 , Sastry 1979 , Fretter 1984 , as well as other environmental factors (Bricelj and Malouf 1980, Kennedy and Krantz 1982) . In the reproductive cycle of mussels and oysters, temperature and food availability were found to be the factors that induced gametogenesis and defined the length and intensity of recovery periods (e.g., Bayne et al. 1976 , Lubet and Man 1987 , Arias De Leon et al. 2012 . Actual spawning, however, may be induced by several factors such as temperature (Holland and Chew 1973, Hines 1979) , salinity fluctuations (Stephner 1981) , and currents (Ino 1970) . Appeldoorn (1988a,b) , Stoner and Ray-Culp (2000) , and Stoner et al. (2012b) have all observed a density-dependent effect on mating and egg-laying in S. gigas, which could have a profound effect on the reproductive strategies and reproductive success of conch populations. However, we did not consider conspecific densities in the present study, although we note that all sampled populations (with the exception of Florida Keys) are heavily fished and have relatively low densities (e.g. ). In summary, a 4-mo period covering June-September appears to be the most biologically defensible window for a closed season for the entire range of the queen conch to provide spawning adults in all populations with protection. However, the level of protection would vary depending on which of the two broadly different reproductive strategies are exhibited. There remain significant knowledge gaps regarding queen conch reproductive behavior that would benefit from a regional research program looking simultaneously at reproductive strategies, environmental correlates, spawning aggregations, and population connectivity.
Acknowledgments
This study was supported by project grants to DAA Conacyt-SEP 2005 CONACYT "Variación espacio-temporal del patrón reproductivo del caracol rosa S. gigas en diferentes hábitats y su modelo biofísico de conectividad para el Caribe" and 181329, "El caracol rosa como indicador de cambio climático en el Caribe: acidificación oceánica y calentamiento;" and by a UWI Graduate Research Award to CB. Thanks to E Castro (Secretaría de Agricultura y Pesca, San Andrés) for sampling and ichthyology laboratory work, and A Zetina Zarate of CINVESTAV-IPN, Mérida, for support with histology processing.
Galley Proof
